The 2 nd order volume autocorrelation technique, widely utilized in directly measuring ultra-short light pulses durations, is examined in detail via model calculations that include three-dimensional integration over a large ionization volume, temporal delay and spatial displacement of the two beams of the autocorrelator at the focus. The effects of the inherent displacement to the 2 nd order autocorrelation technique are demonstrated for short and long pulses, elucidating the appropriate implementation of the technique in tight focusing conditions. Based on the above investigations, a high accuracy 2 nd order
Introduction
The measurement of the duration of an ultra-short radiation pulse or determination of the characteristic time of an ultra-fast process relies on a non-linear process. During the last decade, the well established in femtosecond (fs) metrology 2 nd order autocorrelation (AC) technique has been successfully extended to the ultra-violet (UV) and extreme ultra-violet (EUV) spectral regions, serving for the temporal characterization of pulses in the attosecond (asec) time scale [1] [2] [3] . 2 nd order AC is a method that directly and safely determines the temporal duration of asec pulses. Once established, it becomes straightforward provided that sufficient EUV intensity is available.
Apart from the generation of asec EUV radiation and its applications to attophysics and attochemistry [4, 5] , the availability of intense few-fs UV-EUV pulses, is of potential importance to the study of the dynamics of photochemical reactions [6, 7] , in view of the fact that the most of the organic compounds absorb in this spectral region.
Towards this target, sub-10 fs UV and EUV pulses can be for instance generated through the interaction of a gas phase medium with high-peak-power few-cycle laser pulses [8] or with many-cycle laser pulses of appropriately tailored polarization utilizing the interferometric polarization gating technique [9, 10] . In certain cases though, even UV-EUV pulses of few tens of fs would be sufficiently short to study various photochemical processes [11] . A prerequisite for a thorough quantitative study of the above dynamics is
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the most accurate knowledge of the duration of the EUV pulse, which is straightforwardly accessible by the 2 nd order AC technique.
In this work, we present numerical results for the applicability conditions of the 2 nd order AC approach obtained by model calculations that includes not only threedimensional integration over a large ionization volume and temporal delay, but also spatial displacement of the two beams of the autocorrelator at the focus. In contrast to all previous works, the inclusion of the spatial displacement in our model is expected not only to put under stringent tests the applicability of the 2 nd order AC approach but also provide with substantial information about the restrictions of the method. Indeed, the inclusion of the spatial displacement becomes compulsory when the spatial length of the pulse to be characterized becomes comparable to the confocal parameter of the foci.
While the effect of this displacement seems in principle negligible for few fs or sub-fs pulses, it is not obvious how it may affect the 2 nd order AC trace in tight focusing geometries (indispensable to 2 nd order AC of VUV-EUV pulses) of pulses longer than several tens of fs. In addition, the 2 nd order AC approach can be used in studying, simultaneously with the pulse characterization, the dynamics of many ultra-fast processes in photochemistry, since most of the organic compounds absorb in the VUV-EUV spectral region [11] . In this approach, the AC trace is a convolution of both the pulse duration and the characteristic decay times of the photochemical processes under investigation and may well exceed a hundred of fs in duration, suffering thus the effects of spatial displacement. Since no investigations have been reported on this displacement issue up to now, at least to our knowledge, the introduced model is expected to provide with the appropriate conditions for safely applying the 2 nd order AC method to the 
Theoretical treatment
The theoretical description of the non-linear autocorrelator is based on the description of the three-dimensional light distribution near focus presented in detail in 
where τ p is the pulse duration, ω is the field carrier angular frequency and E i0 (x,y,z) is the spatial distribution of the complex field. The spatial distribution of the field amplitudes at a certain space point P 2 in the neighborhood of the focal point O (x = y = z = 0), is obtained by the Debye integral [14] , after applying the Huygens-Fresnel principle in a small angles geometry, as 
Experiment
The experimental set-up is shown in Fig. 3 . A 10 Hz Ti:Sapphire laser system delivering 50 fs pulses with energy up to 150 mJ and carrier wavelength at 800 nm was
used. An annular laser beam with 2 cm outer diameter and energy of 15 mJ/pulse was focused by a 3.5 m focal length lens into a pulsed Xe gas jet, generating harmonics. After the jet an iris stopped the IR beam while a Si plate was placed at the fundamental's Brewster angle of 72 o blocking the residual IR radiation and reflecting the harmonics towards the interaction chamber [15] . Directly after the Si wafer, an aperture blocked the residual annular part of the fundamental laser beam. The harmonic beam was subsequently focused into a Kr gas jet, by a wave-front splitting arrangement consisting of a bisected gold spherical mirror of 5 cm focal length, the one half of which served as the translation unit. The translation is succeeded via a dual system of piezoelectric crystals (coarse and fine combination) allowing for a total stroke of 500 fs and a minimum resolution of 10 asec. The 5 th harmonic two-photon non-resonant ionization of Kr was used as the non-linear detector.
Kr is ionized by 5 th harmonic two-photon absorption (IP = 13.995 eV) [16] . In addition, a Gaussian function (not shown in the graph) fits perfectly to these traces. This is because the variation of the signal due to the foci displacement is negligible in the scanning area of -100 fs to +100 fs (shadowed area in Fig. 4a ), as it is inferred form Fig.   4a . However, in the case of 200 fs pulse, deviations start to appear at the tails of the trace, as shown in Fig. 4c . Therefore, in the case of pulses longer than 200 fs, it is necessary to de-convolve the AC trace from the function which describes the dependence of the ion signal due to the foci displacement, in order to extract the duration of the pulse. This new finding adds complementary to the studies of previous three-dimensional [2] , twodimensional [20] and quasi-three-dimensional [21] works, in which the displacement of the two foci was suitably ignored as it is now confirmed redundant for the given experimental conditions. Based of the results shown in Fig. 4b , the traces contrast, defined as the peak to background ratios in the cases of intensity and interferometric volume 2 nd order AC traces, are obtained as 2.4 and 3.4, respectively, which are slightly higher than those reported in [13] . However, it has been numerically verified that in the limit of infinite integration volume the aforementioned ratios are reduced to 2.1 and 2.8, respectively, in
hal-00429674, version 1 -3 Nov 2009
agreement with the values given in [13] . In addition, the modulation depth, which is defined as ) /( ) ( 2 min max min max
. Finally, the deconvolution factor, which is the ratio of AC width (FWHM) to the original pulse width (FWHM), reads 1.51 for the interferometric AC while it is reduced to 1.41 for the intensity AC case, in accordance to previous studies [20] , as the inclusion of the displacement should not affect the above results for such short pulses.
The same values are obtained from the 200 fs pulse duration case which in principle shows that the displacement affects the measured duration negligibly. However, the above measurement is valid only because we were precisely aware about the background AC signal value. In realistic conditions, the background AC baseline would not maintain a constant value, as clearly shown in Fig. 4c , but rather a reduced with delay value. Therefore, an effortless Gaussian fit may very well lead to an inaccurate pulse duration extraction. In such cases only the inclusion of displacement in a model calculation would safely account for the pulse duration extraction from the AC trace.
It is of significant importance to emphasize at this point that all the above analysis is valid for pulses with durations close to their Fourier-transform limited (FTL) value. For non-FTL pulses, the presence of the chirp is responsible for the appearance of wings at the tails of the AC trace, a fact that complicates the situation and is not included in our study. This point indicates that in order to observe non-negligible effects due to the inherent displacement in the 2 nd order volume AC approach, FTL pulses of durations longer than 200 fs for tight focusing geometries are needed. Considering the fact that nowadays the majority of the fs laser installations worldwide involve laser FTL pulses of less than 50 fs durations, it becomes unrealistic to meet the conditions for observing the hal-00429674, version 1 -3 Nov 2009 displacement effects in 2 nd order AC traces, except maybe in the XFEL installations that still involve pulses longer than 100 fs. However, inverting the argument, the above reasoning implies that the 2 nd order volume AC approach can be safely applied by the laboratories worldwide to directly and accurately obtain the generated harmonic pulses duration as long as the intensity required is available.
Following this path, which is establishing the negligibility of the displacement effects on the 2 nd order AC trace for pulses of few tens of fs duration, the duration of the 
Conclusions
Model calculations for the 2 nd order AC approach that include three-dimensional integration over a large ionization volume, temporal delay and spatial displacement of the two beams of the autocorrelator at the focus were presented. The effects of the inherent to the 2 nd order AC approach displacement were exposed by certain examples elucidating the restrictions of the 2 nd order AC approach in tight focusing conditions. In general, the 2 nd order AC approach can be safely applied for pulses with duration up to few tens of fs, however, special care should be taken in the pulse duration extraction in cases where the pulse duration exceeds the order of 100 fs. The same applies to 2 nd order AC traces that involve convolution of both the pulse duration and the characteristic decay times of 
